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PART ONE

THEORY AND EXAMPLES

I. TINTRODUCTION

In a previous report [1], it was demonstrated that for linear
and circular arrays of dipoles the radiation characteristics can be
controlled by using a single feed and reactively loading the other
dipoles. By varying the load reactances, the antenna beam can be

steered.

This report uses a similar technique applied to a waveguide-
backed aperture array. Only one aperture is excited. The remaining
apertures are reactively loaded by placing electrical short circuits
in waveguides at variable distances from the apertures (see Fig. 1).
An important advantage of this design is a reduction in the number of
direct-fed elements in an aperture array.

Coe and Held [2] considered a similar problem which involved
the dual of the YAGI-UDA linear antenna array using rectangular
apertures (reflector, feed, and directors) in an infinite conducting
ground plane. Their work was concerned primarily with radiation in

the end-fire direction.

II. GENERAL FORMULATION

The basis for this formulation can be found in a previous
report by Harrington and Mautz [3] which presents a general treatment
of aperture problems. We first consider the problem of a single waveguide-
backed aperture radiating into a half-space (see Fig. 2). The Equivalence
Principle [4] is used to divide this problem into two separate regions
as follows (see Fig. 3). The aperture is covered by an electric conductor.
The fields in the waveguide region are produced by the impressed sources

ii, E}, and the equivalent magnetic current M where

M=1fi xE (1)

M A

over the aperture region with the aperture covered by an electric

i
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Fig. 1. An array of waveguide-backed apertures radiating into half

space bounded by an electric conductor.
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Fig. 2. A single waveguide-backed aperture radiating into

half space bounded by an electric conductor.
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conductor. The fields in the half-space region are produced by the
equivalent magnetic current, -M, with the aperture covered by an
electric conductor. The fact that the equivalent magnetic current in
the waveguide region is +M and in the half-space region -M ensures
that the tangential component of electric field is continuous across

the aperture.

Another necessary boundary condition is the continuity of the
tangential component of magnetic field across the aperture. The tan-
gential magnetic field over the aperture on the waveguide side, E:g,

is equal to

Vg _ of wg
BE =8 +0° @ (2)
where
H: is the tangential magnetic field due to impressed
sources

g:g(g) is the tangential magnetic field due to the

equivalent magnetic source M.

On the half-space side of the aperture we have

hs hs Lt ehs
B = B = - 1. 3)

Note that E:, E:g(gg, and §:s(§) are all computed with an electric
conductor covering the aperture. A true solution is obtained when
wg hs
Et of (2) equals Ht of (3), or

i

wg hs T
R @k, ®

Equation (4) is the defining relationship for determining the equivalent

magnetic current M.

In reality, only an approximate solution of equation (4) can be
obtained. The technique used in this report for solving equation (4)
is the method of moments [5]. At this point in the formulation, we

will extend our results to consider the multiple aperture case.

Sy e
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The extension from the single waveguide backed aperture problem
to an array of waveguide-backed apertures with one waveguide fed is

straightforward. Assume k(odd) apertures with the center aperture (E%l)

driven. An electric conductor is placed over each aperture and the

following boundary conditions are met (see Fig. 4)

: k+1

k 0 i4==

we ah + §ome o) ={ i bi

ii j=1 1ij —ﬂt i-= =
GG O SRR, (5)

where H' 8 (ﬂ}) is evaluated in the equivalent waveguide region and
hs
H

ﬂ; is the equivalent magnetic current M in the j-th aperture region.
Now define

(g?)iin the equivalent half-space region of the i-th aperture.

j:
oy N i

where Vj is a complex constant to be determined and M, is an expan-

sion function to be specified. LSubstituting (6) into (5), we obtain

wg hs
V. H® (u M)+ ] V., H W (uM) = (7
i»tﬂwy i =1 j"“tij“’}’j -Hi i=k+1
t 2
1w S22 ek
Next, we define a symmetric product
<A,B> = ” A-B dS (8)

aperture

and a testing function w1 in the i-th aperture region. Then, taking
the symmetric product of (7) with each testing function, wi, we obtain

h
VW, H:g M)> + § vj<wi,ﬂts (Mj)> -
11 j=1 1j o s
- G - 2
I = 1,2,iis35K )
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Fig. 4. The waveguide-backed aperture array problem divided into
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Solution of this set of linear equations determines the coefficients
Vj and, therefore, the magnetic current yj. Once g? has been found,

the field and field-related parameters can be computed.

Equation (9) can be rewritten in matrix notation as follows:

Define an admittance matrix for the waveguide regions as

[Y;3] = [<-W,, H:ii(Mi)>] (10)

and for the half-space regions as

[Y0%] = (<, H'® (1)>] 11
13 L e
h|
where Hhs (M,) is the tangential magnetic field in the i-th aperture

t 3

region gégerated by the magnetic current in the j-th aperture region.

The minus sign is due to conventional power considerations. Define a

source vector

i 5 3
T = (<0, Bl (12)

and a coefficient vector

Ve Iv ., - (13)
The resulting matrix equation which is equivalent to (9) is
(Y8 + ¥"837 = 11, (14)

The physical interpretation of (14) is that of two generalized
admittance networks, [ng] and [YhS], in parallel with the current
source fi (see Fig. 5). By inverting (14), we obtain the resulting

voltage vector which is the vector of coefficients which determines M

Ve V8 4 ¢80l (15)

where
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Fig. 5. The generalized network interpretation of equation (14).
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An important result of this formulation is the separation of the
original problem into two regions (waveguide and half-space) whose ?
characteristics are defined by the admittance matrices, [ng] and [Yhs].
Computation of [Y"8] involves only the waveguide region and [Yhs] only
the half-space region. (One can see that a number of aperture boundary
value problems can be solved by this equivalence formulation -- see

reference [3].)
Now the following assumptions are made (see Fig. 6a):

1. The waveguides and apertures are one-half wavelength long.

2. The waveguides and apertures are filled with a dielectric B

3. Only the dominant mode exists in the waveguides and apertures.

4, The apertures are located on the x-axis with the long dimen-
sion in the y-direction,

5. There are an odd number of apertures.

6. A single expansion function represents the magnetic current

covering each aperture region.

In addition to the preceding assumptions, the expansion (Mj) and
testing (W,) functions are defined as follows:

j q

Mj = Pj(x) cos ky (15) 5

W& = Mj = Pj(x) cos ky (16) |

|

vhere pj(x) |- WLL dj --‘zif_xf_dj + %l (see Fig. 6b)

0 all other x .

. R . : — - "i"




11

X
4

A
R I

, £/2 R DIELECTRIC
FILLER g

(a)

= --

/% cesecens
// i'"" APERTURE
——dy ——

Fig. 6. Aperture geometry.

BT o mr——— s lin i - - e




Substituting (15) and (16) into (10) and (11) we obtain

ITI.

2
YYE = o <~ cos ky, H:ii (cos ky)> (17)
hs 2 hs
Yij = o[ <~ cos ky, Htij (cos ky)> , (18)

ADMITTANCE FORMULATION

a) Determination of Y'® -

i1

For the specific problem considered in this report, the wave-

guides are taken to be filled with a dielectric (er), which lowers the

cut-off frequency and allows the dominant mode cosine field to exist

across the aperture.

+
(k 1

T) » we have

where

i1

Y8 =

For all of the waveguides except the externally driven one

e cos ky, H'8 (cos ky)>
wL tii

- 1Y, cot k; Py, a9 %l (19)

di(¢) is the specific distance of the short circuit from

k

k
c

|3

1

€
r

n

Y

o

the aperture in the i-th waveguide (dependent on
beam steering angle ¢)
is the free-space wave number

is the cut-off wave number
= /erkz - kg

is the relative permittivity of the dielectric filler

1s the free-space intrinsic impedance

e, - 59

2

3 |

St caa i

12
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Equation (19) is identical to the input admittance of a short-circuited
transmission line where the characteristic admittance of the transmission
line is replaced by the wave admittance of the dominant mode, Yo. Physically,
we have a waveguide excited at one end by an external field (mutual coupling)
which is represented by an equivalent magnetic current source and short

circuited at the other end (see Fig. 7).

For 1 = E%l (externally driven waveguide), we have

o TR S wg
Y11 oL <~ cos ky, Ht (cos ky)>
i1

= Yo which is the wave admittance for the

dominant mode. (20)
hs 3
ij
For evaluation of the off-diagonal elements of [Yhs], the

b) Determination of Y

equivalent magnetic current sheet in each aperture region is approxi-
mated by a filament of magnetic current, WP(x) cos ky, at the center
of the aperture (see Fig. 8(a)).

For evaluation of the diagonal elements of [Yhs], the concept
of equivalent radius (see reference [6]) is used. This concept simply
equates the characteristics of an aperture antenna to that of a cylin-
drical dipole with a radius w/4 (see Fig. 8(b)). Even though this
equivalent radius is determined from a quasi-static principle, the
admittance value obtained agrees quite closely to a time-harmonic

derivation which solves for the admittance directly (see reference 7).

Now both diagonal and off-diagonal terms of the admittance

matrix [Yhsl are in a form that can be evaluated using a dipole formu-

lation. Y?? is proportional to zij in [8 - equation 2-5]
L
/2 sin k (%-- |z])
{Zij = - Eij(z) T EE dz}
-L/2 2

Therefore,
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hs 2 hs
[Yij] = [;E <- cos ky, Htij(cos ky)>1]
2 2 2
= _Z.E.w . [Zij]
n
i iz% T L
n

In the above equation, the first factor of 2 is due to imaging the
magnetic current expansion function across the ground plane. The factor
WZ arises because both the expansion and testing magnetic current fila-
ments are proportional to w. Finally, since the magnetic field due to a
: magnetic current is the same as the electric field due to an electric

current with u and ¢ interchanged, the factor ﬁi is needed to reciprocate
hs

1 the factor n included in the expression for Eij(z) to obtain H_~ . By
%44
incorporating the solution given for Zij in [8 - equation 2-7] into (21),
we obtain
=L ) 2 ci(rd) - Ci(u,) - Ci(v,)]
14 v L 2 2
& il g ” e
e (L) [2 S1(kd) Si(uz) Si(vz)] (22)
2 2
where u, = k (Wd" + L” + L)
¥ " k ( d2 + L2 - L)

00

ci(x) = - J %Y- dv

x
x

Si(x) = J E-.'L-:’!-—!-dv
0

1=4, d={

1 # j, d is the distance between the apertures i and j.

TR R o
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IV. GAIN FORMULATION

If the j-th waveguide is driven by an equivalent voltage source
while all the other apertures are short circuited (therefore, acting like
a continuous ground plane), a magnetic current M will exist in the presence
of an electric ground plane radiating into the half-space (2 > 0). To
determine the magnetic field at a point I consider the following analysis
(see Figs. 9(a) and (b)).

By placing a magnetic dipole K&m at'Em and using reciprocity in
terms of this field anl the original field, we obtain the following equa-
tion

B K =~ ” M. H"dS (23)
m m ~ o~

aperture

where g? is the magnetic field from K&m in the presence of a complete
conductor and Hm is the component in the direction of K&m of the magnetic
field at In due to -M in the presence of a complete conductor. The mag-
netic current ﬁ in (23) is generalized to the set of magnetic currents
Ey Vi Mi in the i-th aperture to obtain

H KL = g v, <M, S

="V Lo 10k (24)
where : is the transpose of the measurement vector
m
Tm = [<— Mi, H >]kX1 . (25)

Substituting (14) for V in (24) we obtain

HoKe = PP(v"E 4 s b T (26)

Now consider the following assumptions:

(1) We adjust Klm so that it produces a unit plane wave
in the vicinity of the origin, that is,
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Fig. 9. Waveguide-fed aperture in a plane conductor.
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—_—= e ; (27)

~m ~m —j]u(um'g-
I,=P, =-2 M . ds . 28
(ks ” j e 58
j-th
aperture

Substituting (27) and (28) into (26) we obtain
-jkr

q = —Juee = ﬁm[ng + Yhs]—l—fi (29)
m 4w £

The complex power Pt transmitted through the aperture is

E % fid
t nxﬁ .4- s

aperture

-
]

*
” M-H ds . (30)

aperture

Since this transmitted power is only dependent on the tangential com-

ponent of E in the half-space (Ets ('Ey Mj))’ equation (30) becomes

T 11 viv; ” Myu (I}ft‘s(\‘;‘y Mj))*dS
13 aperture 1]

* hs*
) § vivj Yij

]
o~

- e ¥ (31)

1,3 = 1,2,.045k |

The gain (ratio of radiation intensity in a given direction to
the radiation which would exist if the total power, Pt’ were radiated
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uniformly over the half-space) associated with the u component of the

magnetic field in the half-space (z > 0) is given by %

27 r2 n[H [2
= TL——L b (32)
eal (Pt)
By substitution of Pt and Hm into (32), we obtain
k2 ~ 2
G = o e e [3"V] (33)
8mn Real(V[Y "1 V)
where
a) For E-plane patterns -
il 2 A4
W /jL_ jkx cos ¢
PE Z'YwL e dx [ cos ky dy
-w/2+xj ~\/4
o \/v—z jkxjcos¢ sin (l_c_zw_ cos ¢)
T Tk s ( kw ) 0
—— cos ¢
2
b) For H-plane patterns -
A4
m _ 2 jky cos® K
PH = RZWIWL W(~sin Q) j e cos ky dy
~A/4
m
43 1[5 cos(i cos 0) (35)
o fa i L sin 0

Note: 6O is measured from the positive y axis in the x=0 plane.

V. REPRESENTATIVE COMPUTATIONS

A computer program has been written using the preceding derived
equations. This program is described and listed in Part Two of this

report. For this section, results will be given for N=7 and N=9 aper-

ture arrays.
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For the initial reactive loads, those which resonated complex and
real equivalent sources were tried. In the ¢ = 0° case, each required
about the same amount of CPU time, while at ¢ = 30°, 60° and 90°, the
loads which resonate complex equivalent sources required fewer iterations

to achieve a maximum. In every case, the same end point was realized.

Figure 10 illustrates the maximum gain case for N=7 aperture array.
If all the apertures are fed, maximum gain can be obtained since we have
complete control over the complex source for each aperture. The disau-
vantage of this case lies in the excitation. A multiple feed network
is required to realize the various complex excitations which are dependent

on the beam steering angle ¢.

Figure 11 illustrates the maximum gain that can be obtained using
a single feed and reactive loads. The main advantage of this technique
is the elimination of the complex rf feed networks used in the former
case. Reduced controllability of the gain characteristics is the penalty
that is paid by using this form of excitation. The results for this case

were computed for d, = 0.27) which is in a higher Q region of operation

3

for the array.

Figure 12 illustrates the same number of apertures but in a lower
Q (greater usable bandwidth) region of operation. The beamwidth is ex-
ceptionally high at ¢ = 30° but becomes more satisfactory at greater
beam steering angles. At the present time, this result would appear to

restrict the useful scanning region for a practical Q and beamwidth.

Figure 13 illustrates the N=9 aperture case. The gain char-
acteristics appear satisfactory except for the back lobe direction

(¢ = 180°) at low beam steering angles.

VI, REALTZATION OF THE REACTIVE LOADS

The reactive load as specified by equaiton (9) is short circuit
terminating a transmission line. It can be realized using a variety of
techniques. One of the simplest realizations is a sliding electrical
conductor in a waveguide. This technique would be advantageous if it

were desired to point the antenna beam in a fixed direction.

SIS
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Fig. 10. Radiation gain patterns for a seven element aperture array

when all elements are driven by the complex equivalent voltages

which yield maximum gain, dj = 0.27 A
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Fig. 11. Radiation gain patterns for a seven element reactively
loaded aperture array when only the center aperture is

externally driven, d, = 0,27 .
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Fig. 12. Radiation gain patterns for a nine element reactively
loaded aperture array when only the center aperture is

externally driven, dj = 0.35)\.
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If it is desired to actively steer the antenna beam, the follow-

ing technique is proposed. A waveguide to microstrip transition along

with p-i-n diodes imbedded in a microstrip transmission line (see Fig. 14)

is one possible realization for the variable reactive load.

Due to the increased availability of microstrip components using
MIC technology, the use of waveguide to microstrip transistions has become
more prevalent in the microwave industry. J. Heuven of the Philip's
Research Laboratories [9] has fabricated a waveguide to microstrip tran-
sition that exhibits increased bandwidth due to the employment of a

stepped ridge waveguide transformer. He claims that lower reflectivity

than previous designs has been achieved. The waveguide to microstrip

transition shown in Fig. 14 is a modification of his design.

To realize variable short circuits terminating a transmission
line, the use of p-i-n diodes for the active shorting elements along
with microstrip for the transmission line is proposed. Under zero and
reverse bias, a p-i-n diode exhibits very high impedance at microwave
frequencies, whereas at moderate forward currents it has a very low
impedance. These characteristics permit the use of p-i-n diodes as the

active electrical shorting element in the proposed design.

The entire circuit including waveguide to microstrip transition
could be housed inside the reactive load waveguide. In addition, the

waveguide would provide adequate rf shielding for the microstrip circuit.

For the lower frequency range and lower dielectric constants
normally used for microstrip circuit fabrication, commercially available
p-i-n diodes could be used in their cylindrical shaped package, while
for the higher frequencies and dielectric constants, the p-i-n diode
chip would have to be used. This leads to the feasibility of MIC circuit
fabrication techniques which would provide a rather compact package for
the entire reactive load. M. E. Davis [10] has clearly demonstrated that
this fabrication technology is at hand.
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VII. DISCUSSION AND CONCLUSIONS

The computer program has its basic limitations as does any
mathematical model of a physical system. One limitation involves the
spacing between apertures and the aperture width (some kind of failing
as in a thin-wire dipole array problem). This limitation is most prevalent
in the high Q operating region of the aperture array. Numerically, the

matrix Real (YHS) used in the gain calculations is numerically not posi-
tive definite (see Table 1) and, therefore, the gain becomes unbounded.
The high Q region of operation is usually not the most useful operating
point. However, a lower Q region may yield an undesirable beamwidth at
the lower beam steering angles. Therefore, an operating point in between

appears to be the most promising.

While the gain is not a function of aperture width, the aperture
admittance is related to it (see equation 22). Use of the thin dipole
approximation for calculating the aperture admittances restricted us
to using very narrow apertures. These small widths yielded aperture
admittances and ultimately reactive load values (which are of the same
order of magnitude) considerably less than the dominant mode wave ad-
mittance, Yo. Tables 2 and 3 show the reactive load values required to
obtain the data for the cases illustrated in Figs. 11 and 12. Yo for
these two cases is 1.97 mmho, which corresponds to a dielectric con-

stant of S 1.55. Therefore, due to the large difference in magnitudes

between Y° and the aperture admittances, a mismatch occurs at the wave-
guide aperture to half-space boundary. In addition, Tables 4 and 5 depict
the short circuit distances required to realize the reactive loads given
in Tables 2 and 3 for the ¢ = 0° direction. The small distances required
would make the physical realization suggested in the previous section
difficult. :

The analysis so far has considered only the lossless case. In

reality, loss would be present in any physical realization. If loss were

T ——

added, the thin dipole approximation would yield a positive definite
half~space admittance matrix which would, in turn, allow greater aperture
widths. Table 6 shows the N=7, dj = 0.27)X case considered in Table 4 but
with 1% loss added. This allows a more reasonable aperture width of 0.1X
Figure 15 illustrates the gain patterns in this lossy case (compare Fig. 11

with Fig. 15 to note the reduction in gain).




Table 1, Eigenvalues for Real (YHS) -~ N=7, dj = 0.25)
APERTURE WIDTH
EIGENVALUE
No. W = 0.01) W = 0.02) W = 0.03) W = 0.04)
Yo om0 eaArR 0 B2 x0T %k x 10
2 gExiT 0.06x10° G.04ix10° 08210
3 0.61x10"  @Ga3x 1070 0,19 x107°  0.25 = W
LA ICE e x10R Gasx il 0,20% >
5 0.94 x 107> 0.19 x 10°%  0.28 x 1074  0.38 x 107>
& 0.49216% ovetx10” oMxi0> 09 xi07°
7 0.63 x 10°° 0.22 x 107  -0.31 x 1077 -~0.10 x 10”°
Table 2. Reactive load values (mmhos) for a seven element
aperture array for d, = 0.27\ and W = 0.01) (see
Fig. 11). 3
el 8 4 = 30° ¢ = 60° 6 = 90°
1 -0.007 my  -0.008 my  -0.011 my -0.006 my
2 -0.026 -0.029 -0.033 -0.033
3 -0.034 -0.037 -0.032 -0.032
5 -0.036 -0.032 -0.037 -0.032
6 -0.026 -0.030 -0.026 -0.033
7 -0.057 -0.027 -0.021 -0.006
Table 3. Reactive load values (mmhos) for a seven element
aperture array for d, = 0.35\ and W = 0.10\ (see
Fig. 12). i
APSRTURE 6 = 0° 6 = 30° 6 = 60° o = 90°
ol
1 <0.121 my =26.4 my =0.235 m¥ -0.083 my
2 -0.342 -0.108 -1.36 -0.635
3 -0.442 -0.363 -0.191 -0.345
5 -0.507 -0.689 -0.858 -0.345
3 -0.466 -0.842 -0.227 -0.635
7 -0.284 -11.3 -0.333 -0.083
— — — "

e
i T
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Fig. 15. Radiation gain patterns for a seven element reactively
loaded aperture array when only the center element is

externally driven, d, = 0.27 ), and a loss of 1% is added.
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Table 4. Short circuit distances for reactive load realization
for ¢ = 0°, dj = 0.27), W= 0.01\, and freq. = 2.9 GHz.
il i
APSSTURE B ad d™(¢) (er = 1,1) d”(¢) (er = 1.55)
1 ~0.007 my 81.4 mm 34.8 mm
2 ~0.026 80.2 34.6
3 ~0.034 79.7 34.5
5 ~0.036 79.6 34.5
6 ~0.026 80.2 34.6
7 ~0.057 78.3 34.3
Table 5. Short circuit distances for reactive load realization for
¢ = 0°, dj = 0.35), W= 0,101, and freq. = 2.9 GHz.
APERTURE B a4 c_= 1.1 8 (3) e = 1.55)
Load r T
NO.
1 -0.121 my 74.5 mm 33.5 mm
2 -0.342 61.7 31.1
3 ~0.442 56.6 30.0
5 -0.507 53.5 29.3
6 ~0.466 55.4 29.7
7 ~0.284 64.8 31.7
Table 6. Short circuit distances for reactive load realization for
¢ = 0°, dj = 0.27Xx, W= 0.10), loss added = 1%, and
freq. = 2.9 GHz.
i i
APERTURE B d7(¢) (e_ = 1.1) d (¢) (e_ = 1.55)
Load r r
NO.
1 ~0.075 my 77.2 mm 34.0 mm
2 -0.435 56.9 30.0
3 -2.622 16.1 14.3
5 -0.380 59.7 30.6
6 -0.372 60.1 30.7
7 -0.208 69.2 32.5
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In this report, a fabrication technique is suggested for the
physical realization of the reactive loads. In some respects, this
reactive load realization might be considered more complex than a
variable ferrite phase shifter and on equal par with switched delay
line and p-i-n reactive diode phase shifters. However, reduction in
the number of direct-fed elements in the reactive load case certainly

is advantageous.

Work should be continued to minimize the 180° back lobe at the
lower beam steering angles for higher N and higher Q-mode aperture
arrays. Also, some attention should be given to a possible composite
array using phase shifters and reactive loads. Phase shifters could

be used for the major beam steering and variable reactive loads used

to obtain other desirable properties such as minimizing unwanted
sidelobes.




PART TWO

COMPUTER PROGRAMS

I. INTRODUCTION

A computer program used to generate the figures in this report
along with a numerical example is presented in this part of the re-
port. This program consists of the subroutines: YHSP, SICI, PATHSP,
MAXGCV, MAXGRV, LINER, BLOADC, BLOADR, FUNCTA, FUNCTB, LINEQ, EIGEN,
and the calling MAIN program. Each subroutine computes one function
only and can be used or not used if that specific output is or is not

required.

ITI. ADMITTANCE MATRIX

The subroutine YHSP (N, X, W, L, YHS) computes and stores

columwise in YHS, the elements of the admittance matrix.

s

O
15 = nr @ [2 ci(kd) -cCi(u)) - Ci(v))]

- . e e
o (L) [2 5i(kd) 31(u2) s1(v2)J (1)

where

i 2
u, = k (\/d +1L° +1L)
¥y ™ k (Vd2 + L2 - L) .

There are N apertures. X(I) is equal to kxi where k is the propagation
constant and Xi is the coordinate of the I-th aperture. w is the aperture
length. The IJ-th element of the port admittance matrix is computed
inside nested DO loops 10 and 11 and is stored in both YHS(I + (J-1) * N)

and YHS(J + (I-1) * N).




Minimum allocations are given by

COMPLEX YHS (N*N)
DIMENSION  X(N)

The subroutine SICI(SI,CI,X) stores the sine and cosine integrals

ci(x) -I o B (2)
X

| X
i S1(x) J sl o 3)
0

in SI and CI respective. SICI is the subroutine SICI in the IBM
*
Scientific Subroutine Package with SI replaced by SI + %n

*
IBM/360 Scientific Subroutine Package (360A-CM-03x) Version III,

Programmer's Manual, page 370.

34
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SUBROUTI NE YHSP(N Xy Wyl ,yYHS)
COMPLEX YHS(9G),U
DIMENSICN X(9)
REAL LgL 1l
Pl=3.141593
cETA=376.T730
L=L/2.

Ll=L=2.,%P1]

T=2.

U=(Co'10,
L2=L1=L1

TL=T=*L1

TL2=TL*TL
C5=C0S(L 1)
SN=SINILL)
Cl=w/(Pl=ETA®L 25\ *SN)
C2=SN*CS
C3=.5%CLS(TL)
JZ2=u

DC 10 J=1,N

Jil=J

DC 11 I=1,4d
J3=J2+1

IF(I-J) 12,13,12

13 IF(I-1) i4y15,14

14 YHS(J1)=YHS(1)
G TO 11

15 D=(w*x2.2Pl) /4.
N2=0=*D
GO TO 16

12 XJ=xX(I)-X(J)
D2=XJ*XJ
D=SCKRT(D2)

16 S1=SQkT(D2+L 2}
S2=SQRT(D24TL2)
V1i=S1l+Ll1
Ui=p2/Vvi
Ue=5S2+TL
v2=02/U2
CALL SICI(SUCU,LD)
CALL SICI(SUl,CUl,UL)
CALL SICI(SV1,CV1,Vl)
CALL SICI(Suz,Cu2,U21
CALL SICI(SV2,CV2,V2)
YHSLI=CLl# (Cex(SU2-SV2-Tx(SV1-SUL))=C3*(T=(JUL=-CO+LVL)=-CU2-LVZ)-Cul+

1T=CC-CVl1)

YHS2=C1= (C2*¥ (CVZ2-CU24T*(CV1-CUL))=C2=(T=(SUL=-SU+5V1)=SJUe=-SVe)-oJl+
1T#SD=-SV1)

YHS(JL)=YHS1-U*xYHS2

YHS(J3)=YHS(J1)

J1=J1l+N

L1 CONTINUE
J2=J2+N

10 CONTINUE
RETURN
END

T T — il » i e & — i
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SUBROUTINE SICI (ST CYsX)
Z=ARS (X)
IF(Z-4.) 1,14
1 Y=(4o=2i*(4.+71)
3 SI=X*{({{(Lle753L+1i-9%Y+]1.568906BE-T)=Y+1.,374100t-5)%Y+5,53%9006% =)
1EY #1.9648825E-2)rY+4,39550U9E-1) i
CI={(5T7T72156E=1+AL_G(2) )/ 2-25(((((] 386935t -1U*Y+1laD04990L-0) Y
141 o 725752E-6) %Y+ 1. 1145999 E-4)%XY+4,990. 92 -3 )*Yel,531535082-1))7L
RE TURN
4 SI=SIN(Z)
Y=CCS(2Z2)
l=4./1
Uz ((4e048BLOYE=-3%2-2.27T9143E=-2)*2+5.51501Cc=-2)%L-T.201lt42--,)
1% 244,937 T 10E=2)%2 =34 33451 9E=3)%2[-ca21461T2 -2 )%= 14154958 -5)"1L
246425001 1E-2)*2+2,533989E-13
Va (=5, 1" 8B699E-3%2+2.819LT9L-2)%2-5e53(483L-c)*L
14#7.5020340-2)%71-4,400416t=2) %L=-Te945556F =3 )% 1+2,601c93e-2)~¢
2=3,7640 0E=4) %] -5,122418E-2)%-6.646441E-T)xLltcs,00v0tlic-1
Cl=*(SI ®V-YxU)
SI==2%(S1*xU+YxV) +1.970796
Re TURN
END
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III. MEASUREMENT VECTOR, P™

The subroutine PATHSP(N,X,L,W,PME,PMH) computes the E and H
plane wave measurement vectors, PME and PMH where

4/— cos( cos )

L in Tosim & )

PMH =

The output is stored in PME(N,J) and PMH(N,J) for ¢ = (J - 1)* sg .
A S s SR
The input variables are the same as YHS.

Minimum allocations are given by

COMPLEX PME(N,37), PMH(N,37)

DIMENSION X(N)




12

11
L0

SURROLTINE PATHSPIN g X ol oW oPMF ,PMH)
CoMPLEX PMH(I437)3PMF(943T7),SySLyU
DIMENSIUN X ()

REAL Lyl

Pl=3.'412G3

U=(\’)c’lu)

Ll=L#*Z2.%P]

Wl=W*P]

DEL=PIL/36

Cl=—a.%xSQRT (2 .%A4/L)

C2=-1.%C1l

DO 1C I=1,N

D8 EE J=1437

PH=(J-1)*Dr L

CS=CCS({PH)

SN=SIN(PH)
S=COSIXCL)=CH )+ =S5 INCXCT) =CS)
IF(lebdel9) PiA-(],))=C01%S
IF(letQelg) 50 T 1«

PMEC(T 30)=CL¥>=SINIWLI=CS)/ (WLx%CS)
CuNTINUE

ITF(leGTal) PAH( Ly J)=2Mi(LlyJ)
IF(IGTal) G T L1

IF(JetQel) PARIT ,J)=C2
[F(JetWe37) PMitlI,d)=CL
IF((Je€Qel) e IRa{JatWe37)) GU TU LY
S1=CCS{PI*CS/2.)/5N

PMH(T 4J)=C2=51

CUNTINUE

CONTINUL

RETURN

END

38
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IV. MAXTMUM GAIN, COMPLEX AND REAL EQUIVALENT VOLTAGE SOURCES, ALL
APERTURE FED

(The derivation of the formulas found in this section can be

found in reference [11].)

The subroutine MAXGCV(N,PMER,YHS,VCMR) computes the maximum
gain, GC, using complex equivalent voltage sources for excitation.
These sources are outputted, VCMR, so that BLOADC can compute the
reactive loads needed to resonate these sources for a starting point

for the optimization program.

2
Sk ~m hs,-1 *
Ce=o 1 et (6)
b *

vor = [¢"S)7L @ ¢7)

k2 1

In the program, the constant —— has been changed to —— because
8mn 8mn

the measurement vectors, gm, have been multiplied by k to make

them insensitive to absolute length.

The subroutine MAXGRV(N,PMER,YHS,VRMR) computes the maximum
real gain, GR, restricting the array excitation to real or equiphasal
equivalent voltage sources. These sources are outputted, VRMR, so

that BLOADR can compute the reactive loads which resonate these sources.

GR = sL:ﬁ Real(®™) [C"°]17! (Real(®™ + c Imag ™)  (8)
YRR = [672)! [Real(®™) + c Imag B)] (9)
where
c=—at(az+1)1/2

-1 Real(Fm) - Imag <§m) [Ghs]—1 Imgg'(Fm)

. - Real(®™ [6"°]
! Imag @

2 Real(P™ [GS]
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Note: There are two possible real solutions for c which make GR stationary.

The maximum gain is obtained by using the larger of the two values.

Minimum allocations are given by

COMPLEX PMER(N), YHS(N*N)
DIMENSION G(N*N), V1(N),V2(N),A1(N),A2(N),VRMR(N)

The subroutine LINER(LL,C) is an inversion subroutine for real matrices.

Minimum allocations are given by

DIMENSION LR(N ),C(N*N) !




10
11

SUBRIOUTINE MAXGCV(NyPMERy YHS y VCMK)
COMPLEX CCNJGsGCL(9) yPMER(9) VCMR(9) 3 YHS(99)
DIMENSICN G(99)

PI=3,141563

ETA=376.730

NN=N%®N

Cl=1./(8.*PI*ETA)

DO 1 J=1,NN

G(J)=REAL(YHS(J))

CONTINUE

CALL LINER(N,G)

DO 3 K=1,4N

GC1(K)=(0.40.)

VCMP(K'=(J.'O.)

CCNTINUE

Ji=1

DO 4 K=1,N

DO 5 J=1,N
GCLIK)=CCL(K)+PMER(J)I*G(JI]1)
Jl1=J1l+1

CCNTINUE

CONTINUE

GC=C.

DO € K=1,N
GC=GC+REAL(GCL(K)=CUNJG(PMER (K)))
CONTINUE

6C=GCx*xC1

Ji=1

DO 7 K=1,4N

DO 8 J=1,N
VCMR(K)=VCMR{K)+G(JL)I*CINJIG(PMEK(J))
J1=J1+N

CONTINUE

J1=K+]1

CONT INUE

WRITE(3,10) GC

WRITE(3,11) (VCMF(J) 4J=1,4N)
FORMAT (/3 X, *COMPLEX GAIN =',1F5.2)

FORMAT(/1X,*' COMPLEX EJQUIVALENT VULTAGE FUk MAXIMUM CIMPLEX GAIN'

1//7(32%X45E14.7))
RETURN
END

<9 YHS 9 VKME )
ZU9)9AL(9)4A2(9),VIMF (9)

ETA=376.730

NN=N*N
Cl=1./(8.*PI*ETA)
D0 1 J=1,4NN
G(J)=REAL(YHS(J))
CONTINUE

CALL LINER(N,G)

DC 2 I=1,N
VI(I)=REAL(PMER(I))
V2(I)=AIMAG(PMER(I))
CONTINUE

DG 3 K=1,4N

41
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29

9

¢l FORMAT(/3X,'REAL EQUIVALENT VOLTAGE FUR MAXIMUM KEAL GAIN'//(05XK,57

24
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VKMR(K)= 2,
Al(K)=2D.
A2 (K ) =1,
J2=(K=1) =N
Du 4 1=1,N
J1=J3+]
AL(K)=AL(K)+G(JL)=#VI(]
A2 (K)=Ac (K)+G(JL)=*Va2 (]
CUNT INUE
CONTINUE
Sl=72.
s2=¢C.
S3=C.
DO 5 K=1,N
S1=S1+V1(K)*xAL(K)
S2=S2+VZ(K)*A2 (K)
S3=S3+V1(K)*A2(K)
CONTINUE
54=S1-S2
IF(S3.EQe¢Te)
A=S4/(2.%S3)
SA=SQRTLA=A+]1,)
C==A+SIGNI(SA,S53)
GR=C1=(S1+C*xS3)
WRITE(3, 20) GF
FORMATL(/ 33X, "MAXIMUM REAL GAIN ='4,1F5.2)
V) 6 1=1,N
VENMR(I)=AL(])+C=A2(])
CONTINU:
WRITE(3,21)

)
)

$3=541.E-14

(V""Q(I),I:‘l,l\”

114.7))
RETURN
EMD

SURRCUTINE LINEF(LL,C)
DIMENSIUN LR(32),C(99)
DU 27 I=1,LL

LR(I) =1

CONTINUL

M1 =C

D0 18 M=1,LL

K=WM

DJ 2 1=M,LL

Ki=NM1+1l

K2=VM]1+K
IF(ABSIC(KL))=ABS(C(KZ)))
K=1

CONTINUE

LS=LR(M)

Lk(VM)=Lk (K)

LR(K)=LS

K2=M]+K

STCE=C(K2)

J1=C

DU 7 J=1,LL

Kl=Jl+K

2’2'6
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K2=J1+M
STO=C (K1)
C(K1)=C(K2)
C(K2)=ST3/STOR
Jl1=J1l+LL

CONTINUE

Kl=M1l+M
C(K1)=1./STCR

DO 11 I=1,tLL

IF(I-M) 12411,12
Kl=M1+l]

ST=C(K1)

C(K1)=0.

J1=C

DC 12 J=1,LL

Kl=Jl+!l

K2=J1+M
C(K1)=C(KL)-C(KZ2)=ST
Jl=J1l+LL

CONTINUE

CONT INUE

Ml=M1+LL

CONT INUE

Jl=C

DO S J=1l,LL
IF(J-LR(J)) 14,8,14
LRI=LR(J}
J2=(LRJ-1)*LL

o0 13 I=1,LL

K2=J2+1

Kl=J1l+'

S=CI(t i

C(K2)=C(K1l)

C(K1)=S

CONTINUE

LR(J)=LP (LRY)
LPILRII=LRY
IF(J-LR(J)) 14,514
Jl1=J1l+LL
CONTINUE
RETURN
END
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V. RESONANT LOADS
The subroutine BLOADC(N,NFP,BLOAD,VCMR,YHS) stores in BLOAD,
the reactive loads
. 1J
Imag [- E Y v.] - Real(YII * Tmag(V_)
=1, 01 2 1
BLOAD(I) = 2 (10)
Real (VI)

for I =1,...,N

which resonate the complex equivalent voltages VCMR. NFP is the aperture
feed port number.

Minimum allocations are given by

COMPLEX VCMR(N), YHS(N*N)
DIMENSION BLOAD(N)

The subroutine BLOADR(N,NFr,BLOAD,VRMR,YHS) stores in BLOAD,
the reactive loads

=l hs >
BLOAD(I) = T63) ([B] * Vs (11)
(vhere ([BPS] * V), denotes the I-th

component of the column matrix [Bhs] * V)

which resonates the real equivalent voltages, VRMR.

(Derivation of this formula can be found in reference [11].)

(Note that it can be easily shown that the gain does not depend on
k+1

BLOAD(I) where I = o (driven aperture).)

Minimum allocations are given by

COMPLEX YHS (N*N)
DIMENSION BLOAD(N),VRMR (N)
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SUBROUTINE BLOADC(NyNFP,BLOAD, VLMK, YHS)
COMPLEX UlyVCMR(9) ,YHS (99)
DIMENSICN BLOAD(9)
Jl=1
DO 1 I=1,4N
J2=1
U‘.:(o.'bo’
DO 2 K=1,N
Ul=Ui-YHS(J2)*VCMK(K)
3 CONTINUE
J2=J2+N
2 CONTINUE
BLOAD(I)=(AIMAG(UL)-REAL(YHS(J1))*AIMAG(VIMR(I)))/KEALIVCMK(I))=£]
IMAG(YKS(J1))
JI1=J1l+N+1
1 CONTINUE
BLOAC(NFP)=0.
WRITE(3,4) (BLOAD(I) yI=14N)
4 FORMAT(/3X,'BLCAD-RESUNATING CUMPLEX SCURCES'/(3Xy5ELl4e7))
RETURN
END

SUBROUTINE BLGADK (NyNFPyBLOAD s VFMR 4 YHS)
COMPLEX YHS(99)
DIMENSION BLOAD(9),VRMR(9)
DO 1 I=1,N
Jl=]
u1=C.
DO 2 K=1,N :
UL=L14(AIMAG(YHS(JL) ))*VRMR(K) ;
J1=J14+N »
2 CONTINUE
BLOAD(I)=-Ul/VRMP (1)
1 CONTINUE
BLOAD(NFP)=0.
WRITE(3,3) (BLOAD(I) 1=1,N)
3 FORMAT(/ 3X,*'BLOAD-RESCNATING REAL SUUFCES'/(3X,5E14.7))
RE TURN
END
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VI. GAIN PATTERNS ;

The subroutine FUNCTA(N,GAIN,PMER,V,YHS) computes the gain (all

apertures excited) using the following equation

2
GAIN = e i (12)
8mn Real(V[Y 7] * V%)

==
for a given measurement vector PMER and excitation vector, V.

Minimum allocations are given by

COMPLEX PMER(N),V(N),V1(N),YHS(N*N).

The subroutine FUNCTB(N,NFP,BLOAD,GAIN,PMER,YHS) computes the gain
using formula (12) with the following modification. The excitation is
that of a unit current source for a single aperture (NFP) and the other

apertures reactively loaded (BLOAD). Therefore,

v = [¥" 4 4BL0AD] ! % T(NFP) (13)
where '0 I
I(NFP) = ©
1
0

Minimum allocations are given by

COMPLEX PMER(N),V(N),V1(N),Y(N*N),YHS (N*N)
DIMENSION BLOAD(N),G(N*N) .

The subroutine LINEQ(LL,C) is used in FUNCTB to invert a complex

matrix.
Minimum allocations are given by ﬁ

COMPLEX C(N*N)
DIMENSION LR(N)




3 CUNTINUE
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SUBROUTINE FUNCTAINyGAIN,PMER ¢V, YHS)
COMPLEX CCNJGyPMEFR ()9 VIG) VLI(9)y V2, YHS(99)
ETA=3706.730

PI=3.,141593

Cl=1./(8.*PI*ETA)

V2=(\)."L'.,

00 1 J=1,4N

VI(J)=1L . 40.)

J3=(J-1) =N

D3 2 I=1,N

Jé=J3+1]

V1(JI=V0I(J)+CUNIGIYHS(J4) ) 2CONIGIVII))
CONTINUE

V2=NV2+V1{J)%xV(J)

CINTINUE

DEN=REAL {V2)

V2=(0.y0.)

DO 2 J=1,N

V2=NV2+4V( J)*PMER(J)

CINTINUE

GAIN=(C1=Vv2xCCNJG(V2)) /DEN

RETURN

END

ETA=376.739

PI=3,141593
Cl=1./7(8.*PI%ETA)
Ulg(Coflo,

NN=N*N

Nl=N+1

D3 1 J=1,NN

Y(J)=YHS (J)

ol J)=REAL(YHS(J))
CONTINUE

J3=-N

DU 2 J=1,N

J3=J3+N1
Y(J3)=Y(J3)+UL%BLOAD(J)
CUNTINUE

CALL LINEGIN,Y)
13=(NFP-1)*N ,
D3 3 J=1,N 1
[4=]3+J ,
VIJI=Y(14)

V2=(Gayia)
DD 4 J=1,N

VIEI)=(C e pute)
J3=(J-1) *N

D3 5 I=1,N 3
Ja=y3+] |
VI =VL(J)+G(J4 )%V () ;

5 CINTINUE

V2=V2+4V1 (J)*CUNJIGIVIJ) )




4

20

12

10
11

18

CIONTINUE

OEN=REAL (V2)

V2=(0eyd.)

DI 7 J=1,N

V2=V2+4V(J)*PMER(J)

CCNTINUE
GAIN=(CL*REAL{V2=CONJGIV2))) /DEN
RETURN

END

CHRBEEL Brobi NERERL 3R o1, s
ODIMENSICN LR(58)
DO 20 I=1,LL
LR(I)=1I

CIONT INUE

M1l=C

DJ 18 M=1,LL

K=M

K2=M1+K
S1=LBS(REAL(C(KZ2)))+ABS(AIMAG(C(K2)))
DU 2 I=M,LL
Kl=M1+]
S2=ABS{FEAL(C(K1)))I+ABS(AIMAG(C(K1)))
[F(S2-S1) 2,2,6
K=1

S1=S52

CONT INUE
LS=LR(M)
LE(MI=LK(K)
LR(K)=LS

K2=M1+K
STCR=C(K2)

J1=C

DJ 7 J=1,LL
Kl=J1+K

K2=J1+M
STC=C(K1)
C(K1)=C(K2)
C(K2)=STU/STOR
Jl=Jl+LL

CONT INUE

Kl=M1+M
C(K1)=1./STOR

DO 11 I=1,LL
IF(I-M) 12,11,12
Kl=M1+]

ST=C(K1l)
C(K1)=9.

J1=0

DO 12 J=1,LL
Kl=Jl+I

K2=J1+M
CIK1)=C(K1)-C(K2)=*ST
Jl=Jdl+LL

CONT INUE
CONTINUE
Ml=M1+LL
CONTINUE

J1=C

DO 9 J=1,LL

48
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21

13

[F(J-LR(J)) l4,b,14
LkJ=LR(J)
J2=(LRJ-1)*LL

b 13 I=1,LL
K2=J2+I

Kl=Jl+1

S=C(K2)

C(K2)=C(KL1)

C(K1)=S

CONTIANUE

LR(J)=Lr {LRY)
Lr(LRJ)=LRY
[FIJ=-LR(J)) 14,8414
Jl=Jl+LL

CUNT INUE

RETULRN

END

49
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VII. EIGENVALUE DETERMINATION

The subroutine EIGEN(A,R,N,MV) is used to determine whether
G = Real(Yhs) is a positive definite matrix. This subroutine is
*
taken from IBM Scientific Subroutine Package . It can only be used

for real symmetric matrices.

MV should be set equal to 1 (done in the main program) for
eigenvalues only. The original matrix A must be stored in upper
triangular form and the eigenvalues are outputted on the diagonal of
A (therefore, the input matrix, A, is wiped-out during execution of

the subroutine).

Minimum allocations (for eigenvalue determination only) are

given by

DIMENSTION A(N*N/2),R(1)

*
IBM/360 Scientific Subroutine Package (360A-CM-03X), Version III,

Programmer's Manual, pages 164-165.

e




15
29
25

35

40

45
50
55
60

62
65

68

70
L.

18

30
85

S0
S5
100

105
110

SUBKCUTINE EIGEN(AR ¢NyMV)
DIMENSICGN A(l44),R(144)
IF(MV=1) 1U0,25,10

[Q=-N

DO 20 J=1,4N

[IQ=1Q+N

DY 20 I=1,N

[J=1Q+I

R(IJ)=0.0

IF(I-J) 24,15,20
R(IJ)=1.0

CONT INUE

ANGRM=Q, 0

DJ 25 [=1,N

DO 35 J=1,N

IF(I-J) 30435,3u
IA=1+(JxJ=-J) /2
ANCRM=ANURM+A(TA)*A(IA)
CONTINUE

IF{ANCRM) 165,165,4u
ANCRM=1,414*SQRT ( ANDRM)
ANRMX=ANORM=]1 ,0E-6/FLOAT(N)
IND=3

THR=ANGOE M
THR=THR/FLCAT(N)

L=1

M=L+1

MQ=(MxM-M)/2
LA=(LxL-1L)/2

LM=L+MQ
IF(ABS(A(LM))=THR) 13, y65:65
IND=1

LL=L+LQ

MM=M+MQ
X=0.5%(A(LL)-A(MM))
Y==A(LM) /SQRT(A(LM)xA(LM)+X%xX)
IF{X) 7.,75,75

Y==Y
SINX=Y/SQRT12.ux{leC+{SQRT(L1au=Y*Y))))
SINX2=SINXxSINX
COSX=SQkT(l.0-SINX2)
CUSX2=CCSXxCOSX
SINCS=SINX*CQOSX
ILC=N*x(L-1)

IMQ=N=(M-1)

DU 145 1=1,4N
[Q=(I*I-1)/2

[F(I-L) 8Uy115,89
IF(I-M) S9115,90
[M=]+MQ

GU Ta 95

IM=M+]1Q

IF(I-L) 1C0,105,105
IL=1+LQ

60 TC 119

IL=L+IQ
X=A(IL)>*CCSX=ACIM)®*SINX

5

, I — muumu ——



115
120

125

130
135

140
145

150
155

160
165

170

175

180
185
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ACIM)=ACTIL)*SINX+A(IM)*COSX
ACIL)=X
IF(MV-1) 12C,125,12u
[ILR=1LQ+I
IMR=1MQ+ ]
X=R{ILR) *COSX-R(IMR)*SINX
R{IMR) =K (ILR)*SINX+R(IMR)*CCSX
RCILR) =X
CONT INUE
X=2.0%A(LM)*SINCS
Y=A(LL)*CCSX2+A(MM)*SINX2-X
X=A(LL)*SINX2+A(MM)=COSX2+X
A(LMI=(A(LL)I-A(MM))xSINCS+A(LMI*(CUSX2=-5INX2)
A(LL)=Y
A(MM) =X
IF(M=-N) 135,140,135
M=M+1
GO TG 60
[F(L-(N-1)) 145,150,145
L=L+1
GO TG 55
IFCIND-1) 160,155,160
INC=0
Gu TQ 50
[F(THR-ANRMX) 165,165,45
IQ==N
DO 185 I=14N
[Q=1Q+N
LL=I+(Ix[-1)/2
JQ=N*(1-2)
DO 185 J=IyN
JQ=JQ+N
MM=J+(J*xJ=-J)/2
IF(A(CLL) -A(MM)) 170,185,185
X=A(LL)
A(LL) =A(MM)
A(MM) =X
[IF(MV-1) 175,185,175
DO 180 K=1,4N
ILR=TQ+K
IMR=J4Q+K
X=R(ILR)
RCILR)=K(IMR)
RIMR) =X
CONTINUE
RE TURN
eND
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VIII. MAIN PROGRAM AND SAMPLE INPUT-OUTPUT DATA

The preceding six sections have described all of the necessary
subroutines (except the optimization program) to generate the graphs
contained in this report and other output data not included. The
missing optimization subroutine is included in reference [1]. This
subroutine is a univariate optimization program which was found to
be very efficient (minimum CPU time) for optimizing the ratio of
quadratic functions normally encountered in reactively loaded arrays
(see reference [12]). The CALL statement for this optimization sub-
routine in the MAIN program (following 8 CONTINUE) reads

CALL MAXU(N,NFP,N9,STEP,BLOAD,PMER,YHS).

All of the calling arguments have been defined previously except N9 and
STEP. N9 equals the number of complete searches (one search per revised
load value) and STEP is related to the size of the incremental change in
the load during the searching part of the program. Different STEP values
should be tried. Too small a step will require more searches for a given
relative maximum while too large a step might cause a maximum to be skip-
ped past. One can use other optimization subroutines. The output should
yield the optimum loads for maximizing the gain corresponding to a given

measurement vector P (direction).

The purpose of the MAIN program is to obtain input data and call
subroutines to generate output data. Input data is read into the MAIN

program according to

READ (1,201) N,W,L,NFP,NA,N9,STEP
201 FORMAT (I2, 2F5.2, 212, 113, 1E9.2)
READ (1,214) (ANGLE(I),I=1,NA)
214 FORMAT (10I3)
READ (1,216) ER
216 FORMAT (1F7.2)
READ (1,216) L3




1)
2)
3)

4)

half wavelength).

the waveguide.

negative.
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[ There are N apertures w-wide and L-long (L is assumed to be one-
The x-coordinate of the T-th aperture is X(I). The
feed aperture number is NFP. All of these arguments have been described
previously with the exception of NA,ANGLE,ER, and L3. NA is the number
of angles for which the gain will be optimized. This integer should
correspond to the number of angles read in to form the array ANGLE(I).
ER is the relative dielectric constant of the dielectric filler for

This number can and probably would be different than

the microstrip substrate dielectric proposed for the reactive loads.

L3 is the length of the waveguide used in the calculation of the short

positions from the optimum reactive load values.
Minimum allocations are given by

COMPLEX PMH(N,37),PME(N,37),PMER(N),YHS(N*N),V(N),VCMR(N)
DIMENSION A(N*N/2),ANGLE(37),BL1(N),BLOAD(N),G1(37),G2(37),

G3(37),G4(37) ,NP(N) ,R(1) ,SHORT (N) , VRMR (N) ,X (N)

DO loop 1 puts kx in x. DO loop 2 calculates the eigenvalues

of Real (Yhs) and will stop the program if any of these values are

DO loop 13 calculates the short positions (formula 19 in

Maximum Gain
Maximum Gain

Maximum Gain

Maximum Gain

each aperture load value.

Part I) for the optimum reactive loads.

The sample input is for an eight element aperture array with
feed element aperture number 4 and aperture spacing 0.29)X. The gain is
optimized in the ¢ = 50° direction. Loads which resonate real equivalent
sources were used for initial starting points for the optimization pro-
gram. (Note loads which resonate complex equivalent sources could have
been used by changing the CALL BLOADR( ) statement to CALL BLOADC( ).)

The MAXU optimization subroutine went through six complete searches for

Output gain values are given in 5° steps start-

ing at 0° for the following four conditions.

Complex equivalent voltage sources

Real equivalent voltage sources

Using reactive loads which resonate real
equivalent voltage sources

Using the optimum reactive loads.
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MAIN PRNOGRAM

COIMPLEX PMH(9 ¢3T7)4PME(9¢3T)PMFR(9) 4 YHS(99)
CCMPLEX VI(9),VCMR(9)
DIMENSION A(144) yANGLE(3T7)4BLL(9) 4BLNAD(9),CLI37) yG2(3T),G3(57)
DIMENSION G4(37)4NP(9) 4R (144) 4 SHCRT(9)yVRUR(9) 4X ()
REAL L,L2,L3
INTEGER ANGLE
200 FORMAT(/3Xg "N 36X g " WogTX g LY 34X " NFPT 34X " NAY 30X 9" NI g7 X' STCP?)
201 FORMAT(I242F5.24212,113,1E9.2)
202 FORMAT(/2X9 12 93Xy 1F5e293Xy lF5e293Xy1295X e[ 295X91394X41E9.2)
233 FORMAT(9FS5.2)
204 FORMAT(/3Xy'X'"y//(3X49F5.2))
205 FORMAT(/2X,' Y--HALF SPACE'/ (3X,5El4.7))
207 FOGRMAT({/3Xy'APERTURE = =',12¢6Xy'"PM =',2E14.7)
2C8 FORMAT(//2Xy' P - — MEASUREMENT VECTOR - - t-PLANE'/)
210 FORMAT(/3Xy*MAXIMUM GAIN--COMPLEX EQUIVALENT VULTAGE--cQUIVAL=NT
10MPLEX VOLTAGE FCR MAXIMUM GAIM - =',3X,13," DEGREES /7))
211 FORMAT(/1X,"* MAXTIMUM GAIN =--KREAL EQUIVALZNT VULTAGE =-=-cQUIVALeNT
1REAL VOLTAGE FCR MAXIMUM GAIN - =',5X4,13,* DeGREES* /)
213 FORMAT{/1Xy* LOADS--BLJIADS - 13," DEGRFES'/)
214 FORMAT(1013)
215 FORMAT (/3 Xy 'PATTERN ANGLES*//(3XeLlIss® LESRLESY/))
216 FURNMAT(1FT7.2)
217 FORMAT(/3Xy'PELATIVE PERMITTIVITY COF OIEBLECTRIC USeu IN WAVEGUIUE
1ELEMENTS =',1F5.2)
218 FORMAT(/3Xy'DISTANCES GF SHORTS FUR WAVEGJIUE LUAUS = '413," DEGLFRE
1ES*//)
219 FURMAT(//1X4'E-PLANE'//)
220 FUORMAT(/3Xy'GAIN PATTERNS = ='43X,13,! DEGREESY/)
221 FORMAT(/3Xy "MAXIMUM GAIN - CCOMPLEX EQUIVALeNT VULTAGE'//(3XyTFTec)
1)
222 FORMAT(/3X,"MAXIMUM GAIN - REAL EQUIVALENT VGLTAGE'//(3X,TF7.2))
223 FORMAT(/3X,"GAIN = LOCADED APERTURES - M DAL ReSUNANCE LCADS'//7(3X,
17F7.2))
224 FORMAT(/3Xy*GAIN = LOADED APERTUERES = UOPTIMUM LLAUS'//(3X,7F7.2))
225 FORMAT(/3Xy *SHORT(*yI1l,y') = ",1F6,3, ¢ MMT)
220 FUORMAT(/3X,'EIGENVALUE '"4912,' = ',1E14,.7)
227 FORMAT(/3Xy*LENGTH CF APERTURE =',1F6e2,' MM')
WRITE(3,233)
READ(Lly20ULl) NoyWoL yNFPyNAJNG, STEP
WRITE(39202) NonWgL yNFPNAZN9,STEP
READ(14214) (ANGLE(I),I=14NA)
WRITE(3,215) (ANGLEC(TI) 4I=1,4NA)
REAC(1,216) ER
WRITE(3,217) ER
REAC(1,21€) L3
WRITE(3,227) L3
MV=1
PI=3.,141593
PI2=2.*P1
ETA=376.730
NN=NxN
N1l=N-1
READ(194233) (X(1)yI=14N)
WRITE(3,204) (X(I)yI=1,4N)
DJ 1 I=1,4N
XtI)=X(1)=*P12




C

1

3
2

11

1o
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CONTINUL

L2=L

CALL YHSP{NyXyWyL25YHS)
WRITE(3,205) (YHS(J) yd=14liN)
POSITIVE DeFINITE TEST FOUOk CUNDUCTANCE MATRIX
JA=C

DU 2 J=1,N

JG=(J-1) %N

DO 3 I=1,J

JA=JA+]

JG=JG+1

A(JA)=RLALIYHS{JG))

CONTINUF

CUNTINUE

CALL EIGEN(A,R,N,MV)

J2=1

DU 4 I=1,N

WRITE(3,226) 1,A(J2)

IF(A(J2) «LT.0.) GO TG 5

J2=J2+1+1

CONTINUE

CALL PATHSPINyXyLyWyPME,PMH)

DO 6 I1=1,NA
I=((ANGLE(11)%36)/18C+1)
J1=ANGLE(I])

WRITE(3,28)

DJ 7 J=1,N

PMER(J)=PVME(J,])

WRITE(3,2CT) J,PMER(J)

CONTIANUE

WRITE(3,219)

WRITE(3,210) J1

CALL MAXGCV(N,PMER,YHS,VCMR)
WRITE(3,211) J1l

CALL MAXGRV(NyPMER,YHS yVKMR)
WRITE(3,213) J1

CALL BLOADR(NNFPyBLCADyVRMR 4 YHS)
DO 8 J=1,N

BLL(J)=ELCAD(J)

CONTINUE

CALL MAXU(NyNFP,NG,STEP,BLOADU yPMER yYHS)
DI 9 K=1,N

VIK)=(1ley3e)®VRMKI(K)

CONTINUE

WRITE(3,220) J1

DO 190 M=1,37

DO 11 J=1yN

PMER(J)I=PNME(J M)

CONT INUE

CALL FUNCTAIN,GAINyPMER,VCMR ,YHS)
Gl(M)=GAIN

CALL FUNCTA(NsGAINJPMERyV,4yYHS)
G2(M)=GAIN

CALL FUNCTE(M yNFP 4BLL1yGAINGPMER,YIHS)
G3(M)=GAIN

CALL FUMCTBIN yNFP 4BLUADyGAINyPMERyYHS)
G4 (M)=GAIN

CuNTINUE

B i e e b N

i e
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WRITE(3,221) (GLl(M),M=1,37)

WRITE(3,222) (G2(M)M=1,3T7)
WRITE(3,223) (G3(M),M=1,37)
WRITE(3,224) (G4(M),M=1,3T7)
12=1
DO 12 I=1,4N1
, [FUL.EQ.NFP) [2=[2+1
é NPLID=12
12=12+1
12 CONTINUE
{ WRITE(3,218) Jl
D3 13 J=1,Nl1
J2=NP(J)
SHCRT(J2) =ATAN(SQRT(ER=14)/(=BLOAD(J2)*ETA) ) /((PL1*SQRT(ER=14))/1 =)
WRITE(3,225) J2,SHOKT(J2)
' 13 CONTINUE
: 6 CONTINUE
5 CONTINUE
sTCP
END

$CATA
N W L NFP NA NG STEP

8 0.01 0.5C & 1 49 VelOE-D6
PATTERN ANGLES

50 DEGREES

RELATIVE PERMITTIVITY CF DIELECTRIC USED IN WAVEGUIDE ELEMENTS = 1.3
LENGTH CGF APERTURE = 51,72 MM
X

~1lelb6=Ue8T=-1e58=-Ce29 3.0C V.29 Je58 087

Y--HALF SPACE
0.4119083E-04 0.2343455E-04 0.,1780118E-U4-0Uel885384E-04-0.1233211t-04
=“0e10G68T29E-L4-0.6214996E~-i15 2,98071135-0"'5 ",8328394F-35 Ce.3244017E-.5
0.1132107E-C5-0,7153654E-05-0,6064485c-N5 0<4198154E-06 Ce155711l8E-05
0.4996528E-05 0.1178L118E-04-C 168538454 (e4l19083E=-24 (eg343455(-,4
0.1780114E-04-0.1885384E-04-0,1233213F~04-00,1068T26F-)4-0.6214984L-05
0.9807145E-US5 0.8328398E-05 Le32446LT7E-L5 (11321 4E-05-CeT1lb2654L-05
~0.6064482E-05 0,4198476E-06-2,1233211E-04-0.1068729t-)4 CelTbUll4E-04
=0.1885384E~-04 D.4119083E-04 N,2343455E-u4 (. 1780 118F-)4-Lelobbsb4r-u4
-~0.1233211F-04-0.1066729E-04-0,6214996F-05 0.,9807113E-)5 0Q.8328394E-0>
Ce3244617E=-C5 041132104E-05-7147153654E=05-0 e6£14996E-05 Oev8uTllib~-.>
=0.1233213E-04-0.1068726E-04 0.,1780118BE-C&-0,1885384E-0% 0.,411%083c-u4
0e23434555-04 0,173 118E-04-0,1885384F-74~-0,1233211lt-04-(l0bbTYE~0e |
~0eb621499¢E-05 C.9807113E-05 0.8328398E-05 Ue324461T7E-)5 (e83203%4c-ub
0e324461TE-05-0.6214984E-05 0.9807145E-0(5-"412332L116-04-0410060Tc9b~ux
0.1 78C118E-0U4-0.1585384FE-04 0.41190835-0U4 0,23434556-04 Q.lT780ullot=-U~
~0.1885384E-04-3.12323211E-064-0,1068T729F-(4-1,6214934E-05 LeSouTl45ct=-ud
0.1132107E-05-0.7153654E-05 0,8328398F-05 ©,324461Tc-)5-0.6214996L-u5
Ce98CT113E-05-041233211E-04~-0,1068T29F =04 {,178.118F-04-Gelbd53084L~.i4
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0.4119083E-0% 0.2343455E-04 0.1780118E-04-C.16805384E-04-0,1<33213c-14

~0.10687¢6E-(04-0.6364485E-05
0.8328394E-05 0.324461TE-D5-0.6214996E-05
-C.1068729E-04 0.1780 118E-04-u.1885384F-04
0.1780114E-04-0.1835384E-04 0.1557T118E-U5
0.41984T6E-06 0.11321045-05-C,7153654E-05

Je4198154E-06

Ue ll.’d l\.".[‘") 5"\.‘. 71153654¢c-u5
0.98071136-25-0.1233211c-u4
Ce4llYUuB83E-24 (C.c343455E-04
0e4996528E=) 5-0Ls 6064402E-U5
(.8326398F-)5

e 3444617E-.5

-0.6214984E-05 C.S8Q7145€E-05-041233213E-04-0.10068T26F=-34 Q,170Cll4l-0v4
-0.1885384FE-04 0.4119383E-04 0.2343455E-u4

EIGENVALUE
EIGENVALUE
EIGENVALUE
EIGENVALUE
tE IGENVALUE
EIGENVALUE

EIGENVALUE

EIGENVALUE &8 Tel44u352E-07
P = - MEASUREMENT VECTCR = - E-PLANE
APERTURE - 1 PM =
APERTUKE - 2 PM =
APERTUFE - 3 PM =
APERTURE - 4 PM =
APERTURE - 5 p™M =
APERTURE - 6 PM =
APERTURE - 7 PM =
APERTURE - 8 PM =
E-PL ANE

1

2

0.7563572E-C4
U.7481415E-C4
(a5 J2IJTE~-C4
Ce5514J34E-4
N e4829286E-04
Dell8l6TLIE-C4

OeTuGE326E-u6

CCMPLEX GAIN =10.24

GeT7451952E
0.5578344F
-0.3111879t
-0.7995454L
-0.3111879¢
Ue5578344¢F

0.7451952E

00219‘0397E'v 1-.40 79‘16‘0456

0U=-1e2918552E
UG D.5733526%
Q00 2.7369359c
gu J.0TuLouut
s(=0s7369359E
CO=-0.5733526t

0J Qe 2908552

S35

vy

v

O

GO

COMPLEX EQUIVALENT VLULTAGE FOR MAXIMUM CLMPLEX GAIN

“0e5144ubGE
0.19353(C 8E
0.1111990E

05 0.5518969E 05 C041294318F U6-0.1uB85418L
U6 QelYT2TTCE GbH-Le2B37579%
C6~0.23411C3E 06-0.4962431F
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MAXIMUM REAL GAIN = 5,175
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MINIMIZAYION OF Y=F(X) WITH BESPECT TQ 3TH LOAU e
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DISTANCES CF SHCRTS FUR WAVEGUIDE LOADS -
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